OBJECTIVE: Leptin-deficient (ob/ob) mice are obese and infertile. Dysfunctions of the ovaries are preferentially related to leptin-deficiency. DESIGN: Morphological and molecular biological obesity-dependent changes in ob/ob ovaries. SUBJECTS: Ovaries were obtained from three-month-old mice either homozygote (ob/ob) and heterozygote (ob/ þ ) or wild-type (C57BL6, WT) for the investigation by light and electron microscopy, as well as for western blot analysis of lectin-like oxidised low density lipoprotein receptor (LOX-1), Toll-like receptor 4 (TLR4), CD36, cleaved caspase-3, microtubule-associated protein light chain 3 (LC3), and the steroidogenic acute regulatory protein (StAR). RESULTS: Compared with control ovaries with corpora lutea, ob/ob ovaries lacked corpora lutea, follicular atresia was at a higher rate; lipid droplets accumulated in follicle cells and in the oocyte with damaged mitochondria; the basement membrane of follicles was thickened. LOX-1 and CD36 expressions were comparable for all three groups. Ob/ob ovaries showed significantly higher levels of TLR4 and cleaved caspase-3 than the ones from the control groups. The high LC3-II/I ratio in the WT and ob/ þ ovaries was related to the presence of corpora lutea. The StAR protein was lower in the ob/ob ovaries signifying reduced steroidogenesis. CONCLUSIONS: Excessive lipid storage causes disorders of ovarian function in ob/ob mice. The local lipid overload leads to advanced follicular atresia with apoptosis and defect steroidogenesis. We suggest that the changes in lipid metabolism lead to increased oxidative stress and thereby, they are an important reason of anovulation and infertility.
INTRODUCTION
Mice with deficiency of the leptin gene Lep ob /Lep ob (ob/ob) are obese and infertile. 1, 2 They are generally accepted animal model for obesity and type 2 diabetes. Deficiency in leptin signalling in the hypothalamus leads to increased adiposity, severe insulin resistance and diminished fertility. Interestingly, fertility and insulin sensitivity were restored with leptin application, but not by calorie restriction or weight loss. 3 Leptin mediates appetite and food intake as well as changes in gonadotropin releasing hormone secretion. Ob/ob mice of young reproductive age suffer from lack in gonadotropins associated with diminishing fertility. Leptin appears to affect the ovary directly by modulating preovulatory events like steroidogenesis, meiotic maturation and follicle rupture. 4 --6 Leptin could act in an auto/paracrine manner, because the adipokine is also produced in follicle cells and cells of the corpus luteum, which express the long and short form of the leptin receptor. 7 Absence of leptin should be accompanied by low levels of steroidogenic enzymes in the ob/ob ovary, as deduced from decreased sex steroid serum levels. 8 The shortage in intraovarian estrogens might lead to increased follicular atresia through activation of the Fas/Fas ligand system apparently active in ob/ob mouse follicles. 9 In ob/ob mice, obesity depends on hyperphagy, decreased metabolism and energy expenditure. Highly augmented serum levels of triglycerides, free fatty acids, oxidised lipoproteins, insulin and glucose are the pathophysiological consequences in obese persons. 10 In ob/ob mice, increase of these serum factors is associated with mild diabetes in the ob/ob mouse 11, 12 and with excessively accumulated lipid droplets in cells of follicles and of the ovarian cortex. 8, 13 The striking intraovarian lipogenesis is probably responsible for mitochondrial dysfunction with the augmented release of reactive oxygen species (ROS) leading to oxidative stress and cellular damage. The ROS production could be involved in the increased rate of follicular atresia and recognised by indirect parameters responding to oxidative stress. Scavenger receptors such as lectin-like oxidised low density lipoprotein receptor (LOX-1), the Toll-like receptor 4 (TLR4) and CD36 are specific for oxidised lipoproteins.
14 --17 They are expressed on endothelial cells, leukocyte subtypes and on granulosa cells from human preovulatory follicles. 15, 18 The oxidised lipoproteinsdependent activation of these receptors either triggers apoptosis or survival autophagy in endothelial or granulosa cells. 14, 18, 19 Ob/ob ovaries could respond to lipid droplet accumulation by upregulation of LOX-1 and/or TLR4 resulting in the cell damage. If so, follicular atresia is not because of leptin-deficiency only. 9, 20 The present objectives were to study whether follicular atresia is associated with changes in LOX-1, TLR4 and CD36 expression in ovaries of ob/ob mice compared with wild-type (WT) or heterozygote (ob/ þ ) mice. The expression of cleaved caspase-3, microtubule-associated protein light chain 3 (LC3), markers for apoptosis and autophagy, as well as the steroidogenic acute regulatory (StAR) protein were also assessed. The outcome gives insight into intraovarian changes, which primarily depend on lipogenesis and mitochondrial damage and which explain infertility in ob/ob mice apart from leptin deficiency.
MATERIALS AND METHODS

Mice strains
Three groups of female three-month-old mice with the same genetic background were studied: WT-C57BL6 (mean body weight 26 g, range 25 --27 g), leptin gene-deficient homozygote (ob/ob, mean body weight 58 g, range 56 --59 g) and heterozygote (ob/ þ , mean body weight 25 g, range 25 --27 g). They were obtained from the Taconic Europe (Ry, Denmark), adjusted to the local animal facilities (3 --6 mice per group and cage) and maintained at 21±1 1C on a 12 h light/dark cycle. Mice had free access to water and were fed with regular chow food. Experiments followed the international guidelines for the prevention of animal cruelty and were approved by the 'Landesdirektion Leipzig'---local authority for animal care. All mice were killed with a CO 2 overdose and ovaries were immediately removed. For histology, both ovaries from mice were fixed in 4% formaldehyde buffered with 0.01 M PBS and embedded in paraffin wax (adult WT, n ¼ 4; ob/ob n ¼ 4; ob/ þ n ¼ 3). For ultrastructural analysis, ovaries were cut into small pieces before fixation as described below (WT n ¼ 2; ob/ob n ¼ 2). For western blot analysis, dissected ovaries were frozen in liquid nitrogen (WT n ¼ 6; ob/ob n ¼ 6; ob/ þ n ¼ 6).
Histology and counting
Ovaries were serially sectioned (7 mm) along the longitudinal plane and mounted on object slides. To obtain fractionated series, four consecutive sections were placed on three following slides (numbered 1a, 1b, 1c, 1d, 2a, 2b, 2c, 2d and so on). On each slide four sections were mounted at a distance of 28 mm. Slides labelled 1a, 2a, 3a and so on were stained with HE. Slides labelled 1b, 2b, 3b and so on were treated by the periodic-acidSchiff reaction. In every fourth section of a whole series, follicles were counted when the oocyte nucleus (about 28 mm in diameter) was apparent; to avoid repetition in counting. Using an ocular scale, follicles were classified into preantral and antral follicles (excluding primary follicles) by absence or presence of an antrum. This correlated with the classification according to diameters into small (o100 mm), medium (4100 --o200 mm) for preantral follicles and large (4200 mm) for antral types. 21 The final number of follicles was calculated for the entire series/ ovary. Advanced signs of atresia in preantral and antral follicles were defined by deformation and/or necrosis of the oocyte by 45% apoptotic granulosa cells and by an irregular granulosa cell layer. Collapsed zonae pellucidae of the periodic-acid-Schiff-stained series (slides 1b, 2b, 3b and so on) were counted in six sections of the fractionated series at a distance of 126 mm (oocyte diameter 4100 mm). The structures were considered as final stages of atresia. Fresh and old CL were summarised in the entire ovary by comparing each section with the precedent and the following. Pictures were taken with a light microscope (Axioplan 2, Zeiss, Jena, Germany) equipped with a digital camera and the Image Access software (Image, Glattburg, Switzerland).
Oil-red staining and measurement of lipid droplet fraction area For oil-staining, both ovaries from mice were fixed in 4% formaldehyde buffered with 0.01 M. PBS for 4 h, rinsed with phosphate buffer, transferred into 30% buffered sucrose solution and stored at 4 1C until sectioning (WT n ¼ 3; ob/ob n ¼ 3). Cut frozen sections were air dried for 30 min. After a thorough PBS rinse (twice, 10 min each), the sections were permeabilised with 60% isopropanol solution in PBS (10 min) and incubated with 1:100 buffer diluted oil-red stock solution (20 mg ml À1 in acetone; ICN Biomedicals Inc., Aurora, OH, USA) for 15 min and rinsed with 60% isopropanol solution in PBS (10 min). Cell nuclei were lightly stained with haematoxylin. Sections were washed in PBS three times and finally mounted on object slides with Glycergel (Dako, Hamburg, Germany).
Next, the histological stainings were digitalised by Image Access software (Image) with the Â 5 objective and the light microscope (Axioplan 2, Zeiss). Area fraction was determined by using ImageJ 1.43 software (Bethesda, MD, USA). First the image was adjusted by the colour threshold to the adequate colour range (Hue 20 --50 and saturation was set to mean intensity). A binary picture was made, and the region of interest manager was used to select the area of interest. Then the area fraction was calculated. The fraction of at least two pictures of each ovary was calculated and the obtained data was then analysed by Graph Pad Prism 5 software (La Jolla, CA, USA).
Transmission electron microscopy
The ovaries were fixed in 2% glutaraldehyde with 1% paraformaldehyde in 0.2 M PBS at 4 1C for 2 h, then postfixed in 1% buffered osmium tetroxide (1.5 h, 4 1C). Pieces were transferred into 70% acetone, treated with 1% phosphotungstic acid and 1% uranyl acetate (20 1C, 1 h) and further dehydrated in acetone. Samples were embedded in resin (Durcopan ACM Fluka, Sigma-Aldrich, Taufkirchen, Germany) and polymerised at 60 1C for 48 h. Semithin sections were stained with 1% toluidine-blue solution, ultrathin sections were mounted on copper grids, contrasted with uranyl acetate and lead citrate and viewed in a EM 900 electron microscope (Zeiss).
Western blot analysis
The ovaries were homogenised with the Sonoplus Ultrasonic Homogenizer HD-2000 (Bandelin electronic, Berlin, Germany) in protein sample buffer (80 mM Tris-HCl, pH 6.8; 70 mM SDS; 292 mM sucrose) containing 1% of the protease inhibitor PMSF (Sigma-Aldrich). The homogenate was centrifuged three times at 13 000 rpm for 15 min and aliquots of the supernatant stored at À80 1C. Total protein was determined in the supernatant by the BCA protein assay kit (Pierce, Rockford, IL, USA). 10 mg protein supernatant was mixed 1 þ 1 with loading buffer (250 mM Tris-HCl, pH 6.8; 400 mM dithiothreitol; 140 mM SDS; 60% glycerine and 0.02% bromophenolblue), separated by SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. After blocking the non-specific binding sites with 5% milk powder, the membrane was treated with the primary antibodies/antiserum at 4 1C overnight: mouse monoclonal antibody either against anti-mouse LC3 (diluted 1:500, NanoTools, Tenningen, Germany) and rabbit polyclonal antibody either against LOX-1 (diluted 1:1000, R&D Systems, Minneapolis, MN, USA), TLR4 (diluted 1:4000, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), CD36 (diluted 1:2000, Abcam plc., Cambridge, UK), cleaved caspase-3 (diluted 1:1000, Cell Signaling, Boston, MA, USA), and StAR (diluted 1:2000, Acris GmbH, Herford, Germany). The immunoreactive bands were demonstrated by incubation with peroxidase-conjugated horse-anti-mouse IgG (Vector Laboratories Inc., Burlingame, CA, USA) as secondary antibody at room temperature for 120 min. Peroxidase activity was visualised with the enhanced chemiluminescence kit (Amersham, Pharmacia, Freiburg, Germany). Equal protein loading was studied with the monoclonal antibody against b-actin (diluted 1:50 000, Fitzgerald, Concord, MA, USA). Integrated optical densities of the immunoreactive protein bands were measured as arbitrary units by using Gel analyser software (Media Cyberneties, Silver Spring, MD, USA) and normalised to actin values.
Lysates of cytochrome c treated Jurkat cells (Cell Signaling), 3T3-L1 fibroblasts (American Type Culture Collection, Rockville, MD, USA) and the N2A neuroblastoma cell line (NanoTools) were used as positive controls for cleaved caspase-3 and LC3. Positive controls of 10 ng of mouse recombinant LOX-1 protein (R&D Systems) and 3T3-L1 pre-adipocytes cultures (American Type Culture Collection) were used for LOX-1 and CD36 production. Positive control for TLR4 was the lipopolysaccaride-treated Thp-1 cell line (American Type Culture Collection).
Statistics
Two ovaries of each animal were considered as samples of the same mouse. The data of each experiment related to independent measurements of three to six animals, and are shown as mean±s.e.m. Statistics ob/ob mouse ovaries H Serke et al was performed with ANOVA procedure by using the Bonferroni test (SigmaStat, Jandel Scientific, San Rafael, CA, USA).
RESULTS
Morphological differences in ovaries from WT and ob/ob as well as ob/ þ mice The WT and ob/ þ mouse ovaries depicted preantral and antral follicles as well as corpora lutea in paraffin sections. Follicles were frequently intact, which was not the case in the ob/ob mice (Figures 1a --c) . Here, preantral follicles showed deformated oocytes and antral follicles irregular granulosa cell layers with pyknotic and fragmented nuclei as sign of apoptosis. Corpora lutea were absent. The cortical stroma contained many collapsed zonae pellucidae. Abundant lipid droplets were noted in the granulosa and thecal layer of regressing preantral follicles. This finding was qualitatively and quantitatively revealed in oil-red-stained sections (Figures 1d --f) . Ultrathin sections depicted moderate and advanced damages of ob/ob oocytes. The mild damage was defined by intact and degenerated mitochondria often in the vicinity of short tubules. Microvilli projected from the oocyte and from inner granulosa cells into the zona pellucida (Figure 2a ). Severely damaged oocyte displayed lipid droplets, many mitochondria with heavy vacuolisation and the absence of microvilli in the zona pellucida (Figure 2b ). Granulosa cells of regressing antral ob/ob follicles demonstrated nuclei with chromatin condensation, a cytoplasm rich in lipid droplets and in vacuoles. The mitochondria looked rather intact and the follicular basement membrane was thicker in the ob/ob mice than in the WT controls: roughly 100 nm in the ob/ob follicles compared with 70 nm in the WT ones (Figures 2c, d and f) . Several annular junctions occurred in granulosa cells of ob/ob antral follicles, characterised by a pentalaminar membrane, which represented phagocytised gap junctions (Figure 2e) . The interstitial cells of the cortical stroma contained larger-sized lipid droplets in the ob/ob ovaries than the WT controls.
By counting structures in a defined sequence of serial sections, the WT and heterozygote-controls revealed about three times more intact preantral follicles than the ob/ob ovaries (Table 1) . Regressing antral follicles were dominant in the ob/ob mice. This was supported by a roughly three-fold higher number of collapsed zonae pellucidae as representatives of terminal stages of follicular atresia.
Molecular differences in ovaries from WT and ob/ þ as well as ob/ob mice No differences in LOX-1 and CD36 expression were found among all three experimental groups according to western blot analysis (Figures 3a, b, d and e) and by immunostaning for LOX-1 and CD36 (Figures 3c and f) . By contrast, the protein expression of TLR4 was increased in ob/ob ovaries compared with their counterparts. The immunostaining for TLR4 confirmed our findings from western blot analysis (Figure 3i) .
To confirm morphological signs of increased follicular atresia in ob/ob mice, cleaved caspase-3 was studied as apoptotic marker by western blot analysis (Figure 4a) . The activation of caspase-3 occurred in ob/ob, depicting a two-fold increase compared with the controls (Figures 4a and b) .
Next, we wanted to check signs of survival autophagy by studying, a shift from the cytosolic LC3-I (18 kDa) protein to the membranous LC3-II (16 kDa) form. 22 A high LC3-II/LC3-I ratio indicates high amount of autophagosomes in granulosa cells. 18 We postulated a lower rate of autophagy in ob/ob mice than in the other groups because of granulosa cells from obese women undergoing in vitro fertilisation therapy display a low LC3-II/LC3-I ratio. 23 Our assumption was confirmed with a weak ratio in the ob/ob group (Figures 4c and d) . The highest ratio was detected in WT and ob/ þ mice. It seems, that survival autophagy is influential in adult WT and ob/ þ ovaries.
Because obesity leads to mitochondrial dysfunction by enhanced ROS generation, 10,24 steroidogenesis might be impaired. In the ob/ ob group, the StAR protein (28 kDa) level was three-fold lower in comparison with the ob/ þ and WT groups (Figures 4e and f) .
DISCUSSION
Ob/ob ovaries show mitochondrial damages of oocyte, increased lipid storage and decreased StAR protein expression In follicles of ob/ob mice, defective mitochondria and lipid droplets were abundant in oocytes of advanced damage, whereas mitochondria of ob/ob granulosa cells were rather intact. Moreover, the enhanced lipid accumulation was also observed in other cells of ob/ob ovaries. Notably, various types of lipids have been reported to induce an increase in intracellular ROS level and thereby mitochondrial disorders, oxidative stress and cell death. 10,25 --27 In the light of these results, we propose that lipid overload may be responsible for oocyte mitochondrial damage as well as steroidogenesis disorder in ob/ob ovaries. The StAR protein expression was significantly decreased in ob/ob ovaries. StAR protein regulates steroid hormone biosynthesis by translocation cholesterol from the outer to the inner mitochondrial membrane. 28 Our findings are in line with the decreased serum levels of sex steroids in age-matched ob/ob mice. 8 In a clinical setting, it signifies that the oxidised lipoproteins-dependent ROS production may negatively affect granulosa cell steroidogenesis. 24 The expression of TLR4 is increased in ob/ob ovaries compared with control ones In ob/ob ovaries, the increase in follicular atresia is associated with fatty degeneration of follicle cells and of the interstitial cortical tissue, but not associated with LOX-1 and CD36 increase. The study of homogenised ovaries revealed similar levels of LOX-1 and CD36 protein expressions in all animal groups. The western blot data summarise and average expression levels from follicles, corpora lutea and the interstitial cortical tissue. The cellular sources of LOX-1 and CD36 are likely granulosa cells, endothelial cells and leukocytes in accordance with reports by other studies for LOX-1 (refs 14,16,18) and for CD36. 24, 29 Interestingly, TLR4 protein expression was significantly higher in ob/ob ovaries. Notably, TLR4 belongs to the receptors of innate immunity and recognises a wide spectrum of endo-and exogenous lipids. 30, 31 In respect to ob/ob mouse ovaries, augmented ROS production by lipid storage might be responsible for the TLR4 upregulation. 32 Evidence is also given that certain fatty acids, which are increased in obese mice, activate TLR4 expression in macrophages. 33 The autophagic marker LC3-II is increased in ob/ þ and WT ovaries In the ob/ob ovaries, the LC3-II/I ratio was low, whereas it was strikingly increased in ob/ þ and WT ovaries. The reason for the high LC3-II/I ratio could be explained by survival autophagy in corpora lutea. Notably, autophagy is suggested to promote cell survival rather than cell death in the corpus luteum life span. 34, 35 It is conceivable that survival autophagy occurs in addition to apoptosis in regressing ovary follicles. This suggestion is supported by findings of autophagosomes in freshly harvested human granulosa cells. 23 Additionally, evidence is given that altered apoptotic cell death occurs in granulosa cells. 36 It is noteworthy that annular junctions in regressing antral follicles of ob/ob mice might be mistaken for autophagosomes. Annular junctions arise from phagocytised gap junctions as described for granulosa cells from human preovulatory follicles. 37, 38 We here interpret the frequent observation of annular junctions in context with the increased follicular atresia.
Cleaved caspase-3 is higher in ob/ob ovaries than in ob/ þ and WT groups Increased accumulations of lipid droplets in follicle cells are reported for the prediabetic ob/ob mice. 8, 13 The atypical fat storage is associated with delayed puberty and premature ovarian failure. 1, 2, 8, 9 We here confirm impaired growth of follicles together with the absence of corpora lutea in ob/ob mice. Others also observed an increase in follicular atresia in ob/ob ovaries and related the finding to the activation of the Fas/Fas ligand system as well as the hypogonadic condition. 9 We expand this observation by showing a rise in cleaved caspase-3, a classical apoptotic marker, in the ovaries of the ob/ob mice compared with the control ones. The extrinsic apoptotic pathway might be related to leptin deficiency. On the other hand, gonadotropic serum levels are neglectable in ob/ob ovaries and gonadotropin application restored subnormal folliculogenesis. 20 Moreover, transplantation of ob/ob ovaries into normal mice brought about restoration of their function. 25 These observations suggest that beside leptin deficiency, disorders of gonadotropin secretion and cyclic variations have a crucial role in ob/ob ovary dysfunction.
CONCLUSION
Excessive lipid storage causes disorders of ovarian function in ob/ob mice. The local lipid overload leads to advanced follicular atresia with apoptosis and defect steroidogenesis. We suggest that the changes in lipid metabolism lead to the increased oxidative stress and thereby, they are an important reason of anovulation and infertility.
